We have reconstituted wild type or mutant telomerase activity in two human cell lines that lack constitutive expression of both core subunits of the enzyme and maintain telomeres by a telomerase-independent mechanism (ALT cells). Wild type telomerase RNA and four telomerase RNAs with single point mutations in their template domain were used to express enzymes specifying dierent telomeric DNA sequences. Expression of wild type telomerase for up to 32 days had no detectable eect on cell growth or viability. In contrast, cells expressing mutant telomerases had slower growth rate, abnormal cell cycle and reduced viability. Dramatically aberrant nuclei, typical of cells undergoing mitotic catastrophe, and large numbers of fused chromosomes were also characteristic of these populations. Notably, all phenotypes were apparent within the ®rst few cell divisions after expression of the enzymes. Unlike wild type, mutant telomerase activity was progressively selected against with cell culturing, and this correlated with the disappearance of cells with aberrant phenotypes. Our results suggest that even very limited synthesis of mutated sequences can aect telomere structure in human cells, and that the toxicity of mutant telomerases is due to telomere malfunction. Oncogene (2001) 20, 714 ± 725.
Introduction
Eukaryotic chromosomes terminate in specialized nucleoprotein structures, the telomeres, that facilitate their complete replication and are essential for their stability and function (Kurenova and Mason, 1997; Zakian, 1995) . In most organisms, the DNA component of telomeres consists of tandemly repeated GCrich sequences with the G-rich strand forming a single stranded 3' tail at each chromosomal end. Telomeric DNA sequences are highly conserved and contain binding sites for sequence-speci®c DNA binding proteins that are essential for telomere structure, function and length homeostasis. In yeast, the Rap1 protein which binds to double stranded DNA is thought to be involved in the remodeling of telomeric chromatin and in formation of a capping complex that shields telomeric DNA from degradation and modulates its elongation (Blackburn, 1997; Shore, 1994) . This dual function is performed in mammalian cells by two distinct proteins, TRF1 and TRF2 that also bind to duplex DNA (Bilaud et al., 1997; Broccoli et al., 1997; Chong et al., 1995) . It has recently been shown that TRF2 can promote the in vitro formation of large double stranded telomeric loops, t-loops, resulting from invasion of G tails into duplex telomeric DNA (Grith et al., 1999) . In cells, loss of TRF2 function results in disappearance of G tails, and in telomere fusions, cell cycle arrest and apoptosis (Smogorzewska et al., 2000; van Steensel et al., 1998) . These ®ndings indicate that TRF2 may contribute to chromosome stability by inducing and maintaining a structure that sequesters and protects chromosome ends from degradation and from detection by DNA damage checkpoints. TRF1 might also participate in the maintenance of this structure and is directly involved in telomere length regulation (Smogorzewska et al., 2000; van Steensel and de Lange, 1997) . In both yeast and mammals, proteins that bind to single stranded telomeric sequences have also been shown to aect telomere length and stability, presumably by modulating the access of enzymes responsible for degradation and synthesis of telomeric DNA (LaBranche et al., 1998; Evans and Lundblad, 2000) .
Because conventional DNA polymerases cannot complete synthesis of linear molecules (Watson, 1972; Olovnikov, 1971) , telomeric sequences are lost with each round of DNA replication. This loss can be compensated through de novo synthesis by telomerase, an RNA-dependent DNA polymerase consisting of two core subunits: a protein with reverse transcriptase activity, and an RNA molecule with a domain complementary to telomeric DNA which provides the template for synthesis (Beattie et al., 1998; Nugent and Lundblad, 1998; Weinrich et al., 1997) . Since the template is faithfully copied by telomerase, mutations that are introduced in this domain can be incorporated into telomeres. This approach has been extensively used in ciliates and yeast to study the eects of telomeric mutations on telomere function. Although wild type telomerase is constitutively present in these organisms, exclusive or abundant expression of mutant enzyme was achieved by deletion of the endogenous template gene or over-expression of mutant template. Deregulation of telomere length, block in telomere separation at mitosis, telomere fusions and loss of cell viability have been detected as a consequence of dierent mutations that were incorporated into the telomeres, and have been correlated to malfunctioning of newly synthesized telomeres that lack binding sites for structural proteins (McEachern et al., 2000; Blackburn, 1997, 2000; Smith and Blackburn, 1999; Kirk et al., 1997; McEachern and Blackburn, 1995; Yu et al., 1990) .
In mammals, telomerase expression is restricted to germline and stem cells, most somatic cells lacking telomerase activity because they do not express the telomerase protein, hTERT (Collins, 2000) . The enzyme is reactivated when somatic cells are immortalized in vitro or during tumorigenesis; inhibition of telomerase in these cells results in cell death, demonstrating a requirement for telomere maintenance to sustain inde®nite cell proliferation (Hahn et al., 1999; Zhang et al., 1999) . In previous work we have shown that expression of a mutant telomerase RNA template (hTR) leads to synthesis of mutated telomeres and to a reduction in growth rate and viability in telomerase positive immortal human cells . In that system however, we were unable to rescue clones that expressed the mutant hTR in excess of the resident wild type (wt) hTR, suggesting selection against the mutant form. As a result, populations with mutant telomeres contained both growth arrested and proliferating cells, likely because telomere function could be restored by addition of wt sequences to terminal mutant sequences.
Although telomeres are most commonly maintained by telomerase in immortal human cells, there exist a subset of human cell lines that are telomerase negative and utilize an alternative mechanism for telomere elongation (ALT) that involves recombination (Dunham et al., 2000; Bryan et al., 1995; Murnane et al., 1994) . Two of the ALT lines, W138 VA13/2RA and SUSM-1, do not express hTR or hTERT but acquire telomerase activity upon transfection of both subunits (Wen et al., 1998; Bryan et al., 1997) . In this study we have used these cells as recipients of four hTRs with single point mutations in the template, and analysed the phenotypic eects of mutant telomerase in the absence of the wt enzyme. As expected from our previous results, we found that expression of exclusively mutant enzyme has dramatic eects on the cells, comprising deregulation of the cell cycle, abnormal nuclear morphology, telomeric fusions and loss of cell viability. All of these eects manifest themselves almost immediately after introduction of the mutant hTRs suggesting that addition of even a limited number of mutated terminal sequences is sucient to alter the structure and functionality of the telomeres and cause cell death.
Results

Establishment of cells expressing mutant telomerase activity
We initially sought to establish cell lines constitutively expressing wt or mutant telomerase activity. To this end, we transfected pCi-neo-hTERT into VA13 and SUSM-1 cells to generate cell lines, VA13/hTERT and SUSM-1/hTERT, that expressed the catalytic subunit of the enzyme and could be used as recipients of hTRs. In pilot experiments these cells were transfected with wt hTR or mutant hTR MuA. Clones surviving selection were screened for telomerase activity using assay conditions speci®c for wt or mutant enzyme . As shown in Table 1 , with both cell lines the vast majority of clones transfected with wt hTR expressed wt telomerase activity while none of the clones with hTR MuA was positive for mutant telomerase, suggesting strong selection against expression of this enzyme. In agreement with this, clones with wt or mutant telomerase activity were rescued with comparable eciencies (Table 1) when wt or MuA hTRs were transfected into a third cell line, VA13/ hTERT-HA, expressing an hTERT protein that is catalytically active in vitro but unable to elongate telomeres in vivo (Counter et al., 1998) . These results imply that expression of mutant telomerase activity in VA13 or SUSM-1 cells is lethal, and that lethality is dependent upon expression of a biologically active enzyme.
Attempts at obtaining clones with mutant telomerase by using inducible expression systems were also unsuccessful. We established cell lines in which hTERT expression was controlled by the tetracycline promoter and inducible by doxycycline, or depended upon excision by Cre recombinase of a¯oxed cassette separating the HCMV promoter from the hTERT gene. In both cases we detected uninduced levels of hTERT expression that were sucient to prevent rescue of clones transfected with mutant hTRs, indicating that the number of cell divisions necessary for establishment of these clones exceeded the proliferative capacity of cells expressing mutant telomerase. To circumvent this problem, we chose to use polyclonal populations that could be generated and analysed within a limited number of population doubling (PD) following reconstitution of mutant telomerase. VA13/hTERT cells were transfected with plasmids encoding four dierent hTR mutants (MuA, MuC, MuD and MuE) or the wt hTR or empty vector as controls. In all cases, selection was with puromycin, a rapidly acting drug that yielded homogeneous resistant populations after 8 ± 9 days. Telomerase activity was ®rst measured at the end of the selection period ( Figure 1 , day 0) and all polyclonal populations were found positive for the activity speci®ed by the individual hTRs. Enzyme activity remained constant over 8 days of culturing (Figure 1 , day 8 and data not shown) Similar results were obtained with transfected SUSM-1/hTERT cells (data not shown).
Effect of mutant telomerase activity on cell growth and viability
In agreement with the outcome of stable transfections that suggested that mutant telomerases adversely aect cell proliferation, we found that for populations transfected with mutant hTRs the number of viable cells recovered after selection was consistently and signi®cantly lower (50 ± 70%) than for populations receiving control plasmids (Figure 2 ). Dierences in recovery were not due to variable transfection eciencies which were measured by transfecting VA13/hTERT cells with plasmids encoding wt or MuD hTRs and Green Fluorescent Protein (GFP), and monitoring GFP expression after 48 h prior to addition of puromycin. In four experiments, average transfection eciencies of 23 and 21% were obtained respectively with these plasmids. The presence of the reporter gene also allowed us to assess the proliferation of the transfected cells. We again determined the percentage of GFP-positive cells at the end of the selection period (when it reached levels of 70 ± 80%) and used the initial and ®nal numbers of these cells to calculate PD (see Materials and methods). We found that during the 8 ± 9 days of selection, populations transfected with mutant hTRs completed a signi®cantly lower number of PD than those transfected with wt hTR or empty vector (1.35+0.50 vs 2.82+0.12 (n=4), P50.05). This dierence in proliferation easily accounts for the lower number of viable cells recovered from the test populations and indicates a nearly immediate toxicity of mutant telomerases.
The eect of these enzymes on cell growth and viability was measured directly on the polyclonal populations immediately after their rescue from selection. While control populations transfected with wt hTR or the empty vector grew with comparable rates and reached con¯uence after 8 days, populations expressing mutant telomerases were signi®cantly retarded in their growth and attained a density 4 ± 6-fold lower than controls over the same period of time ( Figure 3a ± c, left panels). Their colony forming ability (assessed by seeding cells at low density at day 0 after selection ) was also reduced by 3 ± 6-fold relative to controls (Figure 3a ± c, right panels). In contrast to this, expression of mutant telomerase in VA13/hTERT-HA cells had no eect on cell growth or viability ( Figure 3d , left and right panels). These results con®rm and extend the preliminary ®ndings based on recovery of cells after selection ( Figure 2 ) by demonstrating that reconstitution of telomerase activity with mutated RNA templates has deleterious eects on cell growth and viability that are dependent upon assembly of an enzyme that is both catalytically and biologically active.
We next assessed whether the in vivo functionality of mutant telomerases could be measured by the incorporation of mutant sequences into the cell telomeres, as we had previously shown in a dierent cell system . Southern analysis of Terminal Restriction Fragments (TRFs) was performed with Figure 1 Telomerase activity in transfected populations. Extracts from transfected cells harvested at the end of selection (day 0) or 8 days thereafter (day 8) were assayed for telomerase activity by TRAP using 5 mg protein per assay and sets of primers and ampli®cation conditions speci®c for each hTR. As reported (Feng et al., 1995; Mitchell et al., 1999) the activity speci®ed by hTR MuC generates a single PCR product rather than the typical ladder DNA from polyclonal populations of VA13/hTERT cells expressing wt or MuA telomerase using speci®c probes and conditions for detection of wt TTAGGG and MuA TTTGGG sequences. We were however unable to detect mutant sequences under the conditions in which we had detected them in cells co-expressing the wt and MuA enzymes . We attribute the present result to the small amount of telomeric sequences that could be synthesized over the few cell divisions performed by the population expressing only mutant telomerase, and therefore the minimal proportion of these sequences in the context of the extremely long wt TRFs of ALT cells.
Cell cycle analysis of transformed cells
To investigate whether impaired cell growth was associated with deregulation of the cell cycle, transformed cell populations were analysed by¯ow cytometry (Figure 4 ). VA13/hTERT cells transfected with the vector or wt hTR had cell cycle pro®les (Figure 4a ) that were similar and typical of untransfected VA13 cells (data not shown), while in mutant populations these pro®les were substantially altered. In all cases, there was a signi®cant and comparable decrease in the percentage of cells in G1 which was the major factor contributing to a reduced ratio of G1 to G2/M cells (Figure 4b ). In dierent experiments, but regardless of the mutant, this was associated with two dierent patterns of cell distribution within the cycle. In one case, exempli®ed in Figure 4a by hTR MuA and MuD, the G2/M and subG1 (apoptotic) fractions were increased to a similar extent, while in the other (see MuC and MuE) the G2/M fraction remained essentially invariant and the increase in subG1 cells was more substantial. Thus the impaired growth and viability of cells expressing mutant telomerases can be attributed to both G2/M arrest and apoptosis, however the prevalence of either process may vary in dierent experimental populations. Although in VA13 cells, which are transformed by SV40, p53 should be inactivated by the binding to T antigen, and SUSM-1 cells express only mutant p53 (Iijima et al., 1996) , we veri®ed the functionality of this protein in both cell lines by monitoring their cell cycle pro®les following g-irradiation (data not shown). As expected for cells with intact p53-dependent DNA damage checkpoints, irradiated normal WI-38 ®bro-blasts (from which VA13 are derived) arrested in both G1 and G2. In contrast, irradiated VA13 and SUSM-1 cells were refractory to both G1 and G2 arrest. Upon treatment with nocodazole, the mitotic indexes of these cells were 16.5 and 22.2% respectively (compared to 1.6% for WI38 cells), re¯ecting their ability to progress into mitosis even in the presence of DNA damage.
Nuclear abnormalities and chromosome fusions accumulate in transformed cells
Staining of transformed cells with a-tubulin and of nuclei with Hoechst, revealed that the decreased proliferation rate and viability of populations with mutant telomerases was associated with accumulation of cells with aberrant morphology and misshapen nuclei ( Table 2) detected in all mutant populations nor consistently in a given population, and were occasionally present in control populations (Figure 4) . The nuclear phenotypes shown in Figure 5 are generally de®ned as mitotic catastrophe, an apoptosis-like process induced by premature entry into mitosis or failure to terminate cytokinesis (Chan et al., 1999; Bunz et al., 1998; Heald et al., 1993) . The latter appears to be the case in our populations since staining for the mitotic marker phospho-histone H3 demonstrated that cells with aberrant nuclei were in mitosis (data not shown), and staining for the centrosome-speci®c g-tubulin revealed that the majority of them contained more than two centrosomes (Figure 5g ± k) , a pattern diagnostic of abortive cell division. Typically 3 ± 4 centrosomes per cell or, in rare cases up to 10 per cells, were detected in these populations.
Analysis of nuclear aberrations in cells expressing mutant telomerase also showed the frequent occurrence of anaphase and interphase bridges, and scoring of metaphase spreads revealed a signi®cant increase over controls in the percentage of cells with chromosome fusions (Table 2) . Within this fraction were cells containing up to four dicentric or circular chromosomes as well as cells with multiple fusions resulting in chains of chromosomes (Figure 6a ). Only one fusion per cell was present in the subset of control cells bearing these aberrations. Given the long telomeres of ALT cells and the limited number of PD since transfection, it seemed unlikely that chromosome fusions resulted from telomere loss. Indeed, in situ hybridization demonstrated that telomeric sequences were preserved at the points of fusion (Figure 6b ) and no changes in the length of TRFs were detected by Southern hybridization (Figure 7a ). Both of these ®ndings are compatible with telomere malfunction due to sequence alteration. We next asked whether telomeric fusions correlated with loss of mutated G tails, as shown for wt G tails upon depletion of TRF2 (van Steensel et al., 1998) . However, we did not detect reproducible or signi®cant dierences in the amount of G tails between populations expressing wt or mutant telomerase (Figure 7b) . 
Long term fate of transformed populations
Since ALT cells are capable of maintaining telomeres and of surviving in the absence of telomerase, we queried whether selection against expression of the mutant enzymes would ultimately occur. The growth and telomerase activity of VA13/hTERT cells transfected with mutant hTR MuE or wt hTR were monitored over 32 days. As shown in Figure 8a , the MuE population continued to grow slower than the control for some time, but after 20 days attained the same growth rate. This correlated with a reduction in mutant telomerase activity, which was already pronounced at day 12 and reached nearly 100% by day 32 (Figure 8b ). As expected, the activity of the wt enzyme remained constant over the same period of time. In addition, the percentage of aberrant cells and nuclei in mutant populations decreased steadily to values similar to those in control populations by day 16 (data not shown). These results, indicating that loss of mutant telomerase activity restores normal properties to the cell population, con®rm that the toxic eects described above are attributable to the expression of this enzyme.
Discussion
The function and stability of telomeres are strictly dependent upon the formation of a correct terminal structure. Disruption of this structure can be brought about by mutagenesis of telomeric DNA or alteration in the expression of telomeric proteins. The resulting telomere malfunction can deleteriously aect cell growth and viability (Collins, 2000; Blackburn, 1997) . We have previously shown that expression of a mutant hTR in telomerase positive human cells leads to Figure 5 Nuclear morphology and centrosomes in VA13/hTERT cells expressing mutant telomerase activity. Cell were stained with an antibody to a-tubulin (green, a ± f) or to the pericentriolar g-tubulin (green: g,i,k,m). Hoechst (blue: a ± f, j, n) or propidium iodide (red: h, l) were used to detect DNA. Nuclei of cells transfected with the empty vector (a), wt hTR (b), or hTR MuA, MuD, MuC, MuE (c ± f). Centrosomes in cells expressing wt hTR (g ± h) or hTR MuD (i ± n) incorporation of mutated sequences into the telomeres and loss of cell viability (MarusÏ icÂ et al., 1997). However, in that system the presence of wt telomerase alleviated the eects of the mutant enzyme, likely by addition of wt sequences to mutated terminal sequences. In the present study we have investigated the biological eects of four hTR mutants in two telomerase negative human cell lines (ALT cells). The advantage of these hosts resides in the fact that, unlike other immortal cells, they fail to express wt hTR. This permitted reconstitution of a mutant enzyme in the absence of the wt counterpart, thus eliminating potential repair of mutant telomeres by addition of terminal wt sequences. As a consequence, the cellular responses were much more clear-cut and dramatic than those of cells expressing both mutant and wt telomerase.
All four hTR mutants, when co-expressed with the catalytic subunit hTERT, reconstituted telomerase enzymes that were catalytically active in vitro and synthesized products with the expected speci®city based on the individual template mutations. Expression of mutant telomerases in transfected cells resulted in a variety of phenotypic alterations with no apparent dierences in outcome with dierent mutants. Since DNA binding telomeric proteins interact only with perfect TTAGGG repeats (LaBranche et al.,1998; Figure 6 Chromosomes fusions in cells expressing mutant telomerase activity. Metaphase chromosomes from VA13/hTERT cells transfected with mutant hTRs were (a) stained with Giemsa or (b) hybridized with a CY3-(C 3 TA 2 ) 3 PNA probe (red) and counter-stained with Hoechst (blue). Examples of fused chromosomes retaining telomeric sequences at the point of fusion (arrows) are shown Figure 7 Analysis of TRF length and G-strand overhangs. DNA extracted from transfected populations at day 6 after selection, was digested with HinfI and RsaI and separated by pulse-®eld gel electrophoresis. (a) Following in gel denaturation, the DNA was hybridized with a (C 3 TA 2 ) 3 telomeric probe. (b) Native DNA was hybridized with a (C 3 TA 2 ) 3 probe then denatured in the gel and re-hybridized with the same probe as control for amount of DNA loaded. To ensure that DNA loaded in the native gel was not nicked or partially denatured, samples of denatured and native DNA were also hybridized with a (T 2 AG 3 ) 3 probe before and after in gel denaturation Broccoli et al., 1997; MarusÏ icÂ et al., 1997; Hanish et al., 1994) , this may re¯ect the fact that all of the mutations can alter their binding site and equally interfere with formation of the telomeric complex. A most striking ®nding in our study was the immediacy of the biological eects of mutant enzymes: loss of cell viability was apparent within 2 PD following transfection, and cell cycle deregulation and alteration in nuclear morphology and in karyotype could already be observed in populations that had divided only twice more. Although we were unable to detect incorporation of mutated sequences into telomeres, likely because the rapidity of the growth arrest prevented their accumulation, two points argue for their existence. For at least one of the mutants (MuA or 34), we have demonstrated synthesis of mutated telomeres in a dierent cell system (MarusÏ icÂ et al., 1997). More important, we have shown here that coexpression of mutant hTRs with the hTERT-HA protein, which results in telomerases that are active in vitro but unable to elongate telomeres, does not alter the cell phenotype. We conclude therefore that the phenotypic changes we have described are dependent upon expression of an enzyme that is biologically active, i.e. capable of adding mutated sequences onto telomeres.
The rapidity of the cell responses suggests that addition of only very few mutant repeats is sucient to cause telomere malfunction in human cells. This is in keeping with the conclusion reached from studies with ciliates and yeast expressing mutant telomerases (Blackburn, 1997) . For example, in T. thermophila, alterations in nuclear morphology and growth rate can become apparent within less than 10 cell generations with total cessation of cell growth occurring within 30 PD (Kirk et al., 1997) . Similarly, in K. lactis budding and division defects and cell senescence could be detected by 25 ± 50 PD (Smith and Blackburn, 1999) . These results, together with the ®nding that addition of only 3 ± 4 wt repeats could`cure' mutant telomeres, have led to the proposal that telomere uncapping, i.e. the loss of protection by telomeric proteins of merely the most distal sequences, is responsible for loss of telomere function in these organisms (Smith and Blackburn, 1999; Blackburn, 1997) . In both Tetrahymena and yeast, a common early response to mutated telomeres is deregulation of their length which still allows for some cell growth prior to senescence (McEachern et al., 2000; Blackburn, 1997, 2000; Smith and Blackburn, 1999; Kirk et al., 1997; McEachern and Blackburn, 1995; Yu et al., 1990) . In contrast, telomere length homeostasis was apparently not aected in our cells. However, we cannot exclude that this phenotype was masked by the extreme length of the cell telomeres, counteracted by the ALT mechanism or precluded by the nearly immediate growth arrest and mortality we have observed.
Telomere malfunction has been correlated with the occurrence of telomeric fusions and consequent chromosome instability. In mammals, this has been amply documented for transformed cells undergoing crisis because of constitutive absence or inhibition of telomerase (Hahn et al., 1999; Zhang et al., 1999; Counter et al., 1992) and for cells from late generation mice deleted for the mTR gene (Hande Figure 8 Long term growth and telomerase activity of transfected cells. (a) VA13/hTERT cells transfected with wt or MuE hTRs were seeded after selection (day 0) and triplicate cultures were counted at the indicated times. Every 8 days, as the control cultures reached con¯uence, both populations were re-seeded at the same density. PD were calculated as described in Materials and methods. (b) Telomerase activity in the populations in (a) was assayed using 1 mg of cell protein and quantitated with an internal standard (ITAS). Values are expressed as percentage of the activity detected at day 2 et al., 1999). In all cases, fusions appeared to stem from complete loss of TTAGGG repeats. However, more subtle alterations in telomeric DNA can also be responsible for the generation of fused chromosomes. Removal of TRF2 from telomeres through the expression of a dominant negative form of the protein was shown to result in rapid loss of G-tails, a dramatic increase in telomeric fusions and cell death. Moreover, in TRF2 depleted cells, TTAGGG repeats were detected at the sites of fusion, indicating that duplex telomeric DNA is unable on its own to protect chromosome ends (van Steensel et al., 1998) . Together with the ability of TRF2 to promote t-loop formation in vitro (Grith et al., 1999) , these results demonstrate the key role of this protein and of the single stranded telomeric terminus in preserving the function of human telomeres. In cells with mutant hTRs we have observed a strikingly similar situation, with formation of numerous dicentric and even multicentric chromosomes and retention of telomeric sequences at the fusion points. This again reinforces the contention that the early events following expression of mutant telomerases in human cells are attributable to the modi®cation of only the most terminal telomeric sequences. Mutation of these sequences could prevent single stranded DNA binding proteins (LaBranche et al., 1998) from interacting with G-tails or could interfere with stabilization of tloops by TRF2. Either one of these events, or the combination of both, would result in unprotected chromosomal termini. Interestingly, telomere fusions have recently been detected also in K. lactis expressing mutant telomerase RNA templates, and have similarly been attributed to loss of binding of a telomeric protein to the mutated terminal sequences (McEachern et al., 2000) .
A number of proteins that are usually involved in DNA repair are known to interact with telomeres and may function in the normal processing of their ends (Ahmed and Hodgkin, 2000; Zhu et al., 2000; Bailey et al., 1999; Bianchi and de Lange, 1999; Hsu et al., 1999; Shore, 1998) . However, under conditions in which the terminal protective structure is lost, telomeric ends may be detected by the repair machinery as DNA damage. In cells with active checkpoints, response to this damage leads to cell cycle arrest but, in the absence of functional p53, checkpoints are abrogated and cells can proceed into mitosis (Paulovich et al., 1997) . Nevertheless, as elegantly shown for irradiated cells (Bunz et al., 1998) , the presence of DNA damage prevents completion of cytokinesis and provokes a mitotic catastrophe that ultimately results in cell death by apoptosis. We were able to document a similar process in our system. Cells expressing mutant telomerases contained abnormal nuclei and multiple centrosomes typical of cells undergoing mitotic catastrophe, and their staining for the mitotic marker phospho-histone H3 demonstrated that they were indeed in mitosis rather than in G2. In addition, there was an increase in the number of cells in apoptosis in the mutant populations. Although their amount relative to cells in G2/M varied in dierent experiments, this could merely re¯ect dierences in the rate of progression of cells towards the end point of the mitotic catastrophe.
Mitotic failure as a result of telomere mutations has also been observed in lower eukaryotes (Smith and Blackburn, 1999; Kirk et al., 1997; Yu et al., 1990) . Since telomeric sequences are synthesized in S phase, damage in the form of mutant telomeres or of chromosome fusions and breaks resulting from them, could be present already in G2 and normally cause arrest in this phase. However, at least for one Tetrahymena mutant, the mutation induced a block in anaphase because telomeres failed to separate (Kirk et al., 1997) . This type of damage would reveal itself only in mitosis and thus would not activate the G2 checkpoint. With the point mutants we have characterized, no anaphase defects were detected, except for bridges attributable to chromosome fusion. As with most transformed cells, the ALT cells we used lack functional p53 and G2 checkpoint. In this system, therefore, mitotic death could easily be caused by entry into mitosis with damaged telomeres or telomere-dependent chromosomal damage, rather than failure in telomere separation. That the biological outcome of telomeric damage may vary with the type of damage and the cell system, is also exempli®ed by the fate of cells depleted of TRF2 through the expression of a dominant negative mutant of the protein. In cells with active checkpoints, this alteration in telomere structure, which does not require S phase, was sensed directly as damage and resulted in apoptosis of G1 cells. No such eect was seen in cells with inactive checkpoints (Karlseder et al., 1999) . Rather these cells accumulate aberrant nuclei comparable to those we detected in our populations (A Smogorzewska and T de Lange, personal communication) , suggesting that they may suer a similar fate.
ALT cells normally maintain telomeres by a mechanism that involves recombination (Dunham et al., 2000; Bryan et al., 1995; Murnane et al., 1994) . However, as shown here and in previous studies (Wen et al., 1998; Hahn et al., 1999) , these cells can be reconstituted for telomerase activity and can tolerate long term expression of the wt enzyme. We assume that the ALT mechanism persists in these cells and therefore we cannot exclude that it may somewhat mitigate the toxicity of mutant telomeres (e.g. by internalizing mutated sequences), although the eciency of this process is clearly limited.
In summary, we have expressed telomerases with dierent point mutations in the RNA template and have provided evidence that alteration of very few terminal repeats is sucient to abrogate telomere function in human cells, and rapidly leads to aberrant phenotypes and cell death. Given that the mutations alter the binding sites of telomeric proteins, we attribute their deleterious eects to changes in the composition and architecture of the telomeres.
Materials and methods
Cells
The WI38 VA13/2RA human cell line, derived from SV40-transformed WI38 lung ®broblasts, was obtained from the ATCC and grown in a-MEM with 10% fetal calf serum (FCS). The SUSM-1 cell line, derived from 4-nitroquinoline transformed liver ®broblasts (Namba et al., 1981) , was grown in Dulbecco's modi®ed Eagle's medium with 10% FCS.
Plasmid and transfection
pCI-neo-hTERT and pCI-neo-hTERT-HA contain the hTERT cDNA, without or with a C-terminal haemagglutinin (HA) tag, both under control of the HCMV immediate early gene promoter, and the neomycin resistance gene (Counter et al., 1998) . phTR, phTRMuA, phTRMuC, phTRMuD and phTRMuE contain the puromycin resistance gene and wt or mutant hTRs specifying the following telomeric sequences: TTAGGG (wt), TTTGGG (MuA, previously called hTR-34, MarusÏ icÂ et al., 1997), TTGGGG (MuC), TTAAGG (MuD), and TGAGGG (MuE); all hTRs are driven by the genomic hTR promoter and were provided by Geron Corp. (Menlo Park, CA, USA). phTR/GFP and phTRMuD/GFP contain also the cDNA of the Enhanced Green Fluorescent Protein (EGFP, Clontech). Transfections were performed with Lipofectamine Plus (Gibco BRL). Stable cell lines expressing hTERT or hTERT-HA were obtained by transfecting WI38 VA13/2RA and SUSM-1 cells with the corresponding hTERT plasmids. Polyclonal populations of hTR-expressing cells were generated as follows: 2.5610 6 hTERT positive cells were plated in 100 mm plates, and cultured for 16 h prior to transfection. One day after transfection, the cells were trypsinized, counted in trypan blue and re-seeded at 6610 5 viable cells/100 mm plate. Puromycin (500 ng/ml) was added after 48 h and selective medium was changed every 2 days for 8 ± 9 days, after which cells were collected, counted in trypan blue and seeded for experimental purposes in medium with 200 ng/ml of puromycin. Transfection eciency was evaluated in parallel experiments with the GFP-plasmids: following transfection, 4610 5 viable cells were seeded in 60 mm plates and the percentage of GFP positive cells was determined after 48 h prior to addition of puromycin. GFP expression was monitored again in the same populations at the end of the selection period and used to estimate the number of PD completed by transfected cells according to the formula PD=log (N/N 0 )/log2 where N and N 0 refer respectively to the ®nal and initial number of GFP positive cells.
Cell growth and cell cycle analysis
To monitor cell proliferation, 5610 4 viable cells were plated in 60 mm plates, and triplicate plates counted vs time. Every 8 days, as control cultures reached con¯uence, cells were detached and re-seeded as above. Colony forming ability was determined by seeding 2610 3 cells /100 mm plate in triplicate and staining colonies with crystal violet after 14 days. For cell cycle analysis, 3610 5 cells were seeded in 100-mm plates, collected after 72 h cells, washed twice with PBS and ®xed in 100% ethanol. Following two rinses with PBS and incubation for 40 min at room temperature in 0.5 ml of PBS with 0.1% Triton X-100 and 50 mg of RNase, 10 mg of Propidium Iodide (PI) were added and the DNA content determined by Flow Cytometry using a Becton-Dickinson¯uorescence activated cell sorter (FACS). For each sample 20 000 events were collected.
For g-irradiation, cells were exposed to 10 GY and harvested 24 or 48 h later for FACS analysis. For mitotic trapping, nocodazole (0.15 mg/ml) was added 12 h after irradiation and cells were stained with Hoechst (1 mg/ml) for determination of the mitotic index after 8, 24 and 48 h (Bunz et al., 1998) .
Telomerase assay
Cell extracts were prepared by detergent lysis and assayed by the PCR-based telomere ampli®cation protocol (TRAP; Kim et al., 1994) . Ampli®cation conditions and forward and reverse primers for assays of wt, MuA, MuC and MuE telomerases have been described (Feng et al., 1995; MarusÏ icÂ et al., 1997; Wen et al., 1998) . For hTR MuD activity, forward and reverse primers were: 5'-GGAACGTCCTG-CATCGTCTTAA-3' and 5'-(T 2 A 2 C 2 ) 4 -3', and ampli®cation conditions were 27 cycles of 948C, 578C and 728C, all for 30 s. Telomerase activity was sensitive to RNase treatment or heat inactivation of the extracts. For quantitation of telomerase activity, the assays were performed in the linear range and the amount of reaction products was calculated relative to the internal telomerase assay standard (ITAS) present in each reaction.
DNA analysis
Detection of mutant sequences in telomeres was performed as previously described (MarusÏ icÂ et al., 1997) except that, given their length in ALT cells, TRFs were separated by pulsed®eld gel electrophoresis. For detection of telomeric G-tails, non denatured DNA was separated as above, and hybridization with a (CCCTAA) 2 was carried out according to Dionne and Wellinger (1996) .
Immunofluorescence
Antibodies to a-tubulin (clone DM1A) and g-tubulin (clone GTU-88), and FITC-conjugated goat anti-mouse antibodies were purchased from Sigma, and that to phospho-histone H3 from Upstate Biotechnology. Cells were ®xed in 2% formaldehyde for 10 min and permeabilized with 0.5% Nonidet P40 in PBS (a-tubulin), or ®xed and permeabilized in ice-cold methanol for 20 min (g-tubulin and phosphohistone H3). Antibodies were used at 1 : 100 dilution for tubulins and 1 : 200 dilution for phospho-histone H3. Nuclei were stained with 1 mg/ml Hoechst 22358 and cells were analysed using a Zeiss Axioscop¯uorescence microscope.
Cytogenetic analysis and in situ hybridization
Metaphase chromosome spreads were prepared by standard procedures. For cytogenetic analysis chromosomes were stained with 5% Giemsa stain and analysed with a light microscope. For in situ hybridization a CY3-(C 3 TA 2 ) 3 PNA probe was used as described by Lansdorp et al. (1996) .
